Control over individual point defects in solidstate systems is becoming increasingly important, not only for current semiconductor industries but also for next generation quantum information science and technologies. To realize the potential of these defects for scalable and high-performance quantum applications, precise placement of defects and defect clusters at the nanoscale is required, along with improved control over the nanoscale local environment to minimize decoherence. These requirements are met using scanned probe microscopy in silicon and III-V semiconductors, which suggests the extension to hosts for quantum point defects such as diamond, silicon carbide, and hexagonal boron nitride is feasible. Here we provide a perspective on the principal challenges toward this end, and new opportunities afforded by the integration of scanned probes with optical and magnetic resonance techniques.
Motivation for controlled creation and placement of quantum defects
As a small sprinkling of spice can drastically change the color and flavor of cuisine, point defects play crucial roles in tuning the electronic properties of semiconductor devices. For example, even at the parts-per-million level, an impurity species can increase the conductivity of an insulating host by many orders of magnitude. This relies on the introduction of impurity energy states that happen to lie near the conduction or valence band edges of the host. In practice, it is the ability to tune the conductivity by impurities that distinguishes semiconductors from insulators, more so than the magnitude of the energy band gap. The discrete nature of these point defects and their random placement in materials is becoming increasingly important for classical devices such as transistors at the nanoscale [1] [2] [3] . Beyond the classical, the quantized electronic and spin states of point defects have drawn considerable interest for quantum science and technology [2, 4, 5] . For example, fluctuation of charge/spin states of point defects in Josephson tunnel junctions is a potential source of decoherence for superconducting quantum bits [6] . While such "qubits" have attracted a recent flurry of interest from industry, enlisting the point defects themselves for quantum technologies offers the long-term potential for better scalability and room temperature operation. Quantum point defects (QPDs) can serve as qubits, single photon sources, and atomic scale sensors [7] [8] [9] [10] . The quantum coherence properties of a variety of solidstate defects were investigated in recent years; principally among them are phosphorus dopants in silicon (Si) [11] and nitrogen-vacancy (NV) centers in diamond [7] with more recent interest in divacancies in silicon carbide (SiC) [8] and defects in two-dimensional hexagonal boron nitride (h-BN) [9] . Among these QPD candidates, diamond NV centers have attracted great interest due to distinct quantum properties such as optically addressable spin states, long coherence lifetimes, and high fidelity quantum operations, all at room temperature ( Figure 1 ) [7] [8] [9] . The associated optical absorption and emission provides a route towards coherent coupling between the defects (i.e. spin qubits) and photons (i.e. flying qubits) which is a critical capability for quantum network applications [12, 13] . The dependence of the NV's orbital and spin states on electric, magnetic, and strain fields makes it useful for various sensing applications such as magnetometry, electrometry, and thermometry [14] [15] [16] . Moreover, multi-qubit entanglement necessary for quantum computation can be realized by coupling an NV center with neighboring nuclear spins [17] or other nearby NV centers via magnetic dipole-dipole interactions [18] or indirectly via photons [12, 13] .
To further build on this foundation, it is desirable to deterministically place QPDs in nanostructures near surfaces or interfaces with nanoscale precision. For instance, the hot spot of diamond photonic structures for strongest coupling to NV centers is a small fraction of the optical wavelength [8] , or the diameter of tip apex of diamond NV scanning probe is typically <100 nm [15] . As an ultimate goal, magnetic exchange coupling between two QPDs is a direct route to produce quantum entanglement, but this interaction falls off on the scale of the atomic wavefunctions (<1 nm) [19] . At the same time, the QPD properties must be preserved by keeping them away from edges, surfaces and interfaces, or better yet, controlling fluctuations in this local environment with similar atomic precision.
Various techniques have been developed for placement of QPDs featuring combinations of ion implantation, electron irradiation, and thin film growth. For instance, nitrogen ion implantation introduces vacancies as well, which migrate to the implanted nitrogen sites upon high temperature annealing to generate NV centers at a depth controlled by the implantation energy [20, 21] . Lateral control of NV centers is realized by focused ion beams [22] or implantation through fabricated nanoscale apertures [23, 24] , both methods allowing rastering to form arbitrary nanoscale patterns. Implantation of molecules containing multiple nitrogen atoms (e.g. N 2 , C 5 N 4 H n ) improves the chances of generating proximal NV pairs for multi-qubit studies [25, 26] . Full three-dimensional control can be realized through the combination of delta-doping chemical vapor deposition growth (depth control) and localized vacancy creation with 12 C implantation or electron irradiation (lateral control) [27, 28] . Despite these wide-ranging efforts, the current state-of-the-art is still limited to a spatial precision of ~10-100 nm [20, 21] with comparably limited control over the NV's local environment.
Deterministic control of point defects in semiconductors by scanned probes
Scanned probe techniques provide a promising pathway for deterministic placement and control of QPDs due to the well-established capability for atomic scale manipulation [29] . Scanned probes were used to study defects in semiconductors since the inception of the techniques in the 1980s. Here we will focus on scanning tunneling microscope (STM) studies, which have demonstrated deterministic control of point defects at the atomic scale in both group III-V semiconductors such as GaAs and group IV semiconductors such as Si and Ge. We will briefly discuss complementary methods, particularly non-contact atomic force microscopy (nc-AFM) in the outlook below. The (110) surfaces of III-V semiconductors have proven to be a useful family for STM studies of point defects due to the facile cleavage in ultra-high vacuum (UHV) to reveal a pristine, nonpolar surface with relatively small atomic relaxation, and the absence of surface states within the bandgap. These properties reduce Fermi-level pinning and carrier screening, and allow for STM observation of defects down to ~10 layers below the surface. This spans a regime where the properties of point defects may be distinct from the bulk, and is a model for proximity to interfaces in nanoscale devices. In addition, tunneling spectroscopy can determine defect states in the bandgap, and measure linewidths to estimate lifetimes that may be limited by e.g. coupling to phonons.
Building on prior studies of STM-induced vacancy and adatom motion [30, 31] , deterministic placement of dopants in a semiconductor with sub-nm precision was first demonstrated by Kitchen et al. for Mn in GaAs [32] . Figure 2 shows the process and examples of deterministic control of point defects at the atomic scale [33] . Starting from a pristine GaAs (110) surface cleaved in UHV, Mn adatoms were deposited in situ at 5 K. The STM tip was positioned over a Mn adatom with negative bias voltage, and the voltage was swept toward positive values while the feedback loop was disabled. Sudden drops in the tunneling current occur when the voltage exceeds ~+1 V and indicate when the substitution occurs. An image of the same area afterwards reveals a new defect, corresponding to substitution of the Mn adatom for a Ga atom in the surface layer. The bright dumbbell shape in filled-state imaging reflects the Mn acceptor's interactions with the neighboring As atoms. This process has been demonstrated for Co, Fe, Er, and V, all of which are known dopants in GaAs. The ejected Ga adatom from this substitution process has a qualitatively similar appearance to the Mn adatom, and both turn out to be positively charged on the surface. Similar voltage pulses can be used to position charged adatoms or vacancies on the surface, tune defect charge states, or form defect complexes with controlled exchange interactions [32] . Figure 2 shows examples of charge switching of the As vacancy [34] , tip-induced ionization of the Mn acceptor [35] , tuning by repeated Ga adatom deposition [36] , and formation of Mn acceptor complexes with controlled composition, number, spacing, and orientation.
While providing fundamental insights into the origins of magnetic ordering in semiconductors such as Ga 1-x Mn x As, and forming a basis for proposals in QPD control [37] , the potential of these methods for QPD devices has been furthest realized in Si. Commercial Si (100) wafers can be heated in UHV in the presence of atomic hydrogen to produce a clean (1 × 1) surface where the dangling bonds (DB) associated with surface Si atoms are occupied by hydrogen atoms. This passivation process is energetically favorable, so that nearly complete passivation of Si surfaces is readily achieved. Tunneling electrons from the STM tip can excite individual hydrogen atoms through a combination of elastic and inelastic processes, thus causing them to desorb from the surface leaving behind an isolated DB [11, 38, 39] .
Si DBs represent electronic states which are localized to the atomic scale, and are stable at room temperature. The position and/or occupation of these states represent a binary basis for classical logical operations or nonvolatile storage on atomic length scales. For example, placement of Si DBs into arrays was demonstrated by automated STM [39] . The 0 or 1 of a memory bit is encoded in the presence/absence of a Si DB, so that an array of DBs can be patterned to store digital information. The density of such storage is limited essentially only by the atomic Si lattice itself, and is of order 1 Pb/in 2 , which is orders of magnitude greater than the current state-of-the-art. The charge state of coupled DBs can be exploited similarly to form a basis for binary logic relying on the motion of electrons, which is more suitable for fast operation with similarly high density [40] .
The STM-induced desorption process also be used to pattern a template into the hydrogen-passivated surface that can control the introduction of dopant species such as phosphorous. Preferential adsorption of molecular species such as PH 3 at these sites allows for atomically directed surface chemistry and can be exploited to realize atomically precise placement of impurity atoms [41] . This system has proven suitable for the demonstration of functional quantum electronic devices such as the single-atom transistor, where the active region was patterned with atomic precision [42] . Key to these efforts is the ability to encapsulate the patterned region with additional Si, and address the dopant atoms with electrostatic gates that can also be patterned by coarser-scale STM templating. The coherence properties of phosphorous donors addressed in this way are favorable for quantum information processing, and development of quantum operations is well underway [11, 43] .
Outlook for STM studies of QPDs
The rapidly maturing field of quantum science and technology motivates a sustained and broad effort to translate these STM techniques to deterministic QPD control in diamond, SiC, h-BN, and other hosts with long coherence times at room temperature. Principal questions toward this end include: (i) can the coherence properties of bulk-like QPDs be preserved at or near a surface? (ii) is the probe perturbation enough to overcome the larger bond strengths in these materials compared to e.g. Si or III-Vs? (iii) can the relatively stringent conditions for defect control demonstrated so far be relaxed or adapted to these new hosts? and (iv) how can regions patterned on the nanoscale be connected to the outside world? 
Surface decoherence
Typically, the longest coherence times for NV centers (e.g. T 2 > 1 ms) are only observed for defects >20 nm below the surface [44] [45] [46] [47] . This is attributed to electromagnetic fluctuations due to surface DB or adsorbed species associated with the chemical treatments needed to prepare the samples [45, 46, 48] . Proximity to the surface is desirable to enhance the coupling to nano-photonics and nanomechanical structures, to increase the sensitivity and spatial resolution in QPD-based sensing, and would also make these defects accessible to scanned probes. Great efforts were made to mitigate the surface effects including material treatments for better surface engineering [49] and applications of various quantum control algorithms such as dynamical decoupling and double resonance measurements [45, 46, 48] . These methods have resulted in improved coherence times of T 2 ~ 0.1 ms for NVs only several nanometers below the surface [45, 46, 48] , but this still falls short of the records for bulk NV centers.
Probe perturbation
Despite considerable interest in the physical mechanisms of scanned probe atomic manipulation [50] [51] [52] [53] [54] , current understanding is largely empirical and limited by the variable terminations of the probes at the nanoscale. For example, in addition to elastic and inelastic electron excitations which are more amenable to theoretical calculations, STM tips have structural variations which influence the nanoscale electric field at the junction, and may also have adsorbed chemical species which influence manipulation. This makes it hard to predict if these methods can be extended to other hosts or how the mechanisms might depend on bond strength without proof-of-principle experiments. Nevertheless, STM is used to dissociate small molecules with comparable bond strengths (e.g. H 2 O, O 2 ) to diamond [52] , and there is one report of STM-induced desorption of hydrogen-passivated diamond surfaces [55] which suggests that templates for patterned dopant incorporation may be possible.
Translation of techniques to QPD hosts
The wide bandgap of these materials poses a challenge for STM, which requires that the substrate has sufficient conductivity to maintain a steady tunneling current. While there is a long track record of STM studies of SiC, this prior work has mainly focused on the many surface reconstructions and polytypes that are possible in this material [56] [57] [58] . To our knowledge there are few reports of point defects, and none using STM manipulation. Diamond is even more challenging to study with STM, but atomic resolution imaging using boron-doped crystals and/or hot-electron injection was demonstrated previously [59, 60] . There has been, however, relatively little STM work focusing on point defects in diamond. Bulk h-BN has a comparably large band gap as diamond, but is a layered material, which offers new possibilities for access by scanned probes. For example, monolayer and few layer h-BN films thin enough to permit a tunneling current were grown on a variety of metal substrates and studied with STM [61] [62] [63] [64] . Recently, a capping layer of graphene was used to probe defects in an underlying h-BN crystal by STM [65] . In this study, charged defects in h-BN could be characterized through their influence on the graphene conductivity, and tip-induced ionization rings were observed as in Figure 2D .
Connection to the macroscale
Additional challenges include QPD control on clean surfaces, stable protection of individual defects after the creation and manipulation, and scalable connection to external macroscopic devices via electrodes and photonic structures. To address these challenges, one may adopt the Si methods discussed above, whereby STM-controlled placement and localization of QPDs is followed by the encapsulation of an epitaxially grown host material and nanoscale registry to alignment markers. While proof-of-principle demonstrations suggest there are no fundamental barriers, these principal questions remain largely unexplored. In our view, this will require the wider adoption of UHV surface science characterization and growth techniques to QPD systems, and the integration of STM with other imaging, optical, and spin resonance methods (e.g. Figure 3 ). For example, layerby-layer atom deposition techniques such as molecular beam epitaxy can be incorporated together with STM and other surface science methods (e.g. electron diffraction, Auger spectroscopy), all in a UHV environment. These conditions provide the cleanest possible surfaces to mitigate decoherence and improve QPD accessibility at the surface. To overcome the band gap challenge, STM can be integrated with nc-AFM, which permits comparably high spatial resolution studies of insulating surfaces while maintaining capabilities for atomic manipulation [66] . There has also been remarkable progress in recent years combining STM with in situ optics [67, 68] in the visible to THz regime with ultrafast time resolution [69] [70] [71] and with electron/nuclear spin resonance excitation via spin polarized tips [72] . These methods will allow for direct measurement of for example coherence times in concert with atomic-scale characterization of the local environment and possible decoherence pathways. There are now a handful of commercial vendors who sell advanced scanned probe microscope (SPM) systems with these integrated capabilities, which will help broaden the research base beyond specialists with custom-built equipment.
Extension of these methods to NV centers and other QPD systems has the potential benefit that coherent control methods demonstrated with for example optically detected magnetic resonance detection can be performed on QPDs deterministically placed with atomic precision by SPM. Precise defect formation is possible by controlling defect's position, orientation, charge states, and relative separation between pairs or arrays. The same methods can be applied to tune the defect's local environment such as strain, magnetic, and electric field. In this way, one can study the influence of local environment on the defect's quantum coherence properties, thus providing a new opportunity for quantum bath engineering.
Given the disparate and often contradictory requirements for QPDs, we believe there is great potential for deterministically coupling a diverse set of QPDs such as the NV center in diamond and analogous defects in SiC and h-BN or other hosts with optimal quantum properties for storage, operation, and communication. For example, surface adatoms or DB can be used as "quantum reporters" of coherences stored in long-lifetime subsurface QPDs. As an initial step in this direction, paramagnetic spins on diamond surfaces were used to probe and deliver local magnetic information to shallow NV centers [73] . These reporter spins, however, were largely unknown and randomly positioned. Employing the deterministic SPM control methods and using well-identified adatoms/DB, therefore, is expected to provide more effective reporter networks and to enhance the sensitivity and spatial resolution in sensing applications. This approach is particularly powerful for the studies of van der Waals heterostructures containing disparate QPDs. For instance, diamond can be stacked with various 2D materials such as graphene, h-BN, and transition metal dichalcogenide materials [74] which are more readily accessible to deterministic STM techniques. An almost infinite variety of QPD combinations are possible to realize the most effective platforms for the research of multi-qubit quantum information and computation.
In summary, QPDs in solids are promising candidates for future quantum applications but precise placement of defects in desired locations remains a key challenge for scalability. We have given a perspective on the prospects for deterministic control of QPDs using scanned probe methods. We believe the main challenges toward this end can be met using an approach integrating STM with other scanned probe, optical, and magnetic resonance techniques. This effort will also build bridges between researchers focusing on advanced scanned probe manipulation of idealized model systems, materials defect researchers who usually rely on an arsenal of ensemble characterization techniques, and the rapidly expanding field of quantum information science.
